Study of wavelength-shifting chemicals for use in large-scale water
  Cherenkov detectors by Sweany, M. et al.
Study of wavelength-shifting chemicals for use in large-scale water Cherenkov
detectors
M. Sweanya,b,∗, A. Bernsteina, S. Dazeleya, J. Dunmorec,1, J. Feldeb, R. Svobodab, M. Tripathib
aLawrence Livermore National Laboratory, Livermore, CA 94550, USA
bDepartment of Physics, University of California, Davis, CA 95616, USA
cDepartment of Physics and Nuclear Engineering, United States Military Academy, West Point, NY 10996, USA
Abstract
Cherenkov detectors employ various methods to maximize light collection at the photomultiplier tubes (PMTs). These
generally involve the use of highly reflective materials lining the interior of the detector, reflective materials around
the PMTs, or wavelength-shifting sheets around the PMTs. Recently, the use of water-soluble wavelength-shifters has
been explored to increase the measurable light yield of Cherenkov radiation in water. These wave-shifting chemicals
are capable of absorbing light in the ultravoilet and re-emitting the light in a range detectable by PMTs. Using a
250 L water Cherenkov detector, we have characterized the increase in light yield from three compounds in water: 4-
Methylumbelliferone, Carbostyril-124, and Amino-G Salt. We report the gain in PMT response at a concentration of 1
ppm as: 1.88 ± 0.02 for 4-Methylumbelliferone, stable to within 0.5% over 50 days, 1.37 ± 0.03 for Carbostyril-124,
and 1.20 ± 0.02 for Amino-G Salt. The response of 4-Methylumbelliferone was modeled, resulting in a simulated
gain within 9% of the experimental gain at 1 ppm concentration. Finally, we report an increase in neutron detec-
tion performance of a large-scale (3.5 kL) gadolinium-doped water Cherenkov detector at a 4-Methylumbelliferone
concentration of 1 ppm.
Keywords: wavelength-shifters, Cherenkov, neutron detection
1. Introduction1
Wavelength-shifting (WLS) chemicals have the po-2
tential to increase the light response of water Cherenkov3
detectors by re-emitting the ultraviolet (UV) portion of4
Cherenkov light into a wavelength for which PMTs have5
a high quantum efficiency. A handful of chemicals have6
been studied previously and were shown to increase the7
number of detected photons by a factor of around two8
[1]. However, many of these tests have been small table-9
top studies, not fully deployed detectors; the improve-10
ment in such situations is unclear. Material compatibil-11
ity, the WLS-doped water attenuation length, UV wall12
reflectivity, and absorptivity of the chemical all impact13
the performance in a large-scale detector. In particular,14
if the chemical has a negative impact on the water at-15
tenuation length, then gain from the UV portion of the16
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Cherenkov spectrum may be lost. Losses of this nature17
may not necessarily be observed in small scale tests.18
We have performed a series of tests to characterize19
the gain in light collection as a function of concentration20
with three chemicals: 4-Methylumbelliferone (4-MU),21
Carbostyril-124 (CS-124), and Amino-G Salt (AG). The22
first series of tests were performed with a 250 L detec-23
tor, described in Section 2. As a final test, 4-MU, the24
best chemical in terms of light gain, cost, ease of use,25
and stability was used in a 3.5 kL gadolinium-doped26
water Cherenkov neutron detector designed for nuclear27
non-proliferation purposes. This large-scale detector28
has been fully characterized without WLS chemicals,29
and is described in [2]. The neutron detection perfor-30
mance with WLS is described in Section 3.31
2. WLS Characterization32
In order to characterize the performance of the chem-33
icals, we have used an existing mid-sized (250 L) water34
Cherenkov-based detector, described in detail in [3]. A35
Preprint submitted to Nuclear Instruments and Methods A October 27, 2018
ar
X
iv
:1
11
0.
33
35
v1
  [
ph
ys
ics
.in
s-d
et]
  1
4 O
ct 
20
11
air
doped water
100 cm
Figure 1: Rendering of the 250 liter detector. Two of the PMTs were
nonfunctional, and are grayed-out in this image.
rendering of this detector is shown in Figure 1. The de-36
tector consisted of two separate UV transmitting acrylic37
tanks: a small tank holding PMTs was placed on top of a38
larger tank. An O-ring between the two tanks sealed the39
volume of the lower tank. The lower tank (1x0.5x0.5 m)40
contained ultra pure, sterilized water doped with WLS41
chemical, and constituted the 250 L active target vol-42
ume of the detector. It was fitted with a small expansion43
volume and airlock so that the target remained full, and44
therefore optically coupled to the top tank despite am-45
bient air pressure variations. The upper tank contained46
eight downward facing 8 inch ETL 9354kb PMTs, how-47
ever two PMTs were nonfunctional at the time of test-48
ing. The ETL PMTs have a maximum quantum effi-49
ciency (∼30%) at a wavelength of approximately 35050
nm. Each PMT was shielded from magnetic fields by51
an 8 inch diameter cylinder of mu-metal. The walls of52
the tank were highly reflective in the UV: the tanks were53
constructed with UV transmitting acrylic, and the out-54
side surface of the acrylic was lined with UV reflective55
1073B Tyvek [4, 5]. However, the top surface of the de-56
tector was not reflective: light that didn’t enter a PMT57
was absorbed.58
2.1. Data Acquisition59
Cherenkov light was measured from cosmic ray60
muons entering the detector volume. Two plastic scintil-61
lator paddles, each approximately one square foot, were62
placed above and below the detector volume in various63
configurations. The trigger was constructed from a 2-64
fold coincidence of the paddles. The detector PMT sig-65
nals were amplified and shaped at the PMT base with66
center-center left-left
left-right right-right right-left
Figure 2: The five different paddle configurations, with the top paddle
listed first.
custom built electronics, then underwent additional am-67
plification with a CAEN N568B spectroscopy amplifier68
before acquisition with a CAEN V785 12-bit ADC.69
Early testing indicated that the individual PMT re-70
sponse was sensitive to the placement of the paddles due71
to the reflective surfaces in the detector, and the position72
and orientation of the Cherenkov ring. Therefore, the73
PMT response for five different paddle configurations74
was measured for each WLS concentration; the configu-75
rations are shown in Figure 2. The data rate was approx-76
imately 0.5 Hz for the center-center, left-left, and right-77
right paddle configurations and 0.2 Hz for the left-right78
and right-left paddle configurations. Figure 3 shows the79
summed PMT response spectrum from several hours of80
data in the center-center paddle configuration for both81
pure water alone, and pure water doped with 1 ppm of82
4-MU.83
2.2. Gain and Stability Results84
The stability of both CS-124 and 4-MU (7-hydroxy-85
4-methylcoumarin) was reported in [1]. 4-MU was re-86
ported to have a pH-sensitive response; however, no87
statement was made regarding a decrease in emission or88
absorption for 4-MU at stable pH. Two other coumarins89
(4-hydroxycoumarin-3-carboxylic acid and 7-hydroxy-90
4-methylcoumarin-3-acetic acid) were stated to be un-91
stable within two months at a given pH. However, sta-92
bility over two months may be sufficient for certain ap-93
plications. In addition, the low cost of 4-MU may war-94
rant scenarios in which the chemical is filtered out and95
re-applied. It is not obvious whether the reported vari-96
ations in the emission and absorption spectrum would97
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Figure 3: The summed PMT response spectrum from muons travers-
ing the detector for pure water alone (red +) and pure water doped
with 1 ppm of 4-MU (black x).
be observed, given that PMTs are only sensitive to vari-98
ations in the integrated absorption spectrum and that a99
typical PMT quantum efficiency does not vary signifi-100
cantly over the range in the emission spectrum.101
To test stability in PMT response, data were taken102
in our detector several times over a 50 day period us-103
ing a concentration of 1 ppm in the center-center paddle104
configuration. Figure 4 shows the mean of the summed105
PMT response for this time period. The spread of the106
mean indicates that the PMT response was stable to107
within 0.5%.108
Five different datasets were acquired for 4-MU in ad-109
dition to the stability measurement, each consisting of110
the five muon paddle configurations. Concentrations of111
1/9, 1/3, 1, 3, and 9 ppm were measured. Calibration112
measurements with pure water were performed before113
each dataset and for each paddle configuration to con-114
firm that the overall response of the PMTs was consis-115
tent over time. The gain is defined as the mean of the116
summed PMT response at concentration divided by the117
mean of the summed response for the previous water118
calibration run:119
gain =
µwls
µwater
. (1)120
The two populations of data shown in Figure 5 are121
due to different Cherenkov light collection efficiencies122
for muons traveling directly down (center-center, left-123
left, and right-right) relative to diagonally across the de-124
tector (left-right and right-left). Even though the diago-125
nal muon track lengths were longer, the light collection126
efficiency was lower. The addition of WLS caused the127
light to be emitted isotropically, making up for some of128
the loss in light collection efficiency. These two effects129
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Figure 4: The mean of the summed PMT response, measured in ADC
counts, for 1 ppm of 4-MU over 50 days of running in the center-
center paddle configuration. The data indicates a systematic spread,
shown by the red horizontal lines, of 0.5%. Data were taken contin-
uously for several days, with one to two week long delays between
runs.
combined to form the two populations in the gain curve.130
Understanding how the light collection effected the gain131
measurement was one motivation for performing a de-132
tector simulation, described in Section 2.3: these two133
data populations were observed in our simulation as134
well. Although the isotropic nature of the WLS light135
effected the gain measurement to some degree, the 3.5136
kL detector measurement, described in Section 3, pro-137
vided a more robust measurement in which this effect138
was washed out by both a top and bottom PMT array.139
The average gain of the center-center, left-left, and140
right-right configurations was 1.88 ± 0.02 at 1 ppm.141
Because the greatest uncertainty in the measurement142
was due to variations in the paddle positions causing143
slightly different average muon path lengths in the de-144
tector, we use the spread in the gain within each of the145
two populations as a measure of the uncertainty. The146
gain curve behaved linearly until 1 ppm, then increased147
very slowly beyond this value. Saturation is expected to148
occur because the absorption length, inversely related to149
the concentration, becomes small compared to the de-150
tector size.151
Three datasets were acquired for CS-124 at concen-152
trations of 1/3, 1, and 7/3 ppm, using the same five pad-153
dle configurations as for 4-MU. Figure 6a shows the av-154
erage gain for the short and long muon path lengths.155
Although the saturation point is not expected to occur at156
the same concentration as for 4-MU, gains are quoted at157
1 ppm as a comparison of how much gain was achieved158
for the same amount of chemical. At 1 ppm, the average159
of the small path length configurations yielded a gain of160
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Figure 5: The measured gain as a function of concentration for 4-
MU. The two curves are the average of the center-center, left-left, and
right-right paddle configurations (red, open circles) and the left-right,
right-left paddle configurations (black, filled-in squares).
1.37 ± 0.03.161
Finally, four concentrations of AG were tested: 1, 3,162
9, and 27 ppm. The results are shown in Figure 6b. At 1163
ppm, a gain of 1.20 ± 0.02 was measured for the average164
of the small muon path length configurations. The gain165
vs. concentration curve for this chemical was erratic,166
and droped below the water response at 27 ppm. This167
particular chemical caused the water to become visibly168
brown in color at the highest concentration (27 ppm),169
suggesting that the AG adversely affected the optical170
attenuation length of the mixture. We do not have an171
explanation for overall behavior of this chemical.172
2.3. Detector Simulation173
A full detector simulation in Geant4.9.3 [6] was used174
to characterize the WLS response. The event generation175
consisted of muons randomly spread through the two176
paddle positions. Cherenkov photons in the 200-600 nm177
range were generated. The wall reflectivity and PMT178
quantum efficiency were matched to the experimental179
PMT response with no WLS for the center-center con-180
figuration, and good overall agreement for the remain-181
ing configurations was obtained with the same optical182
properties. Then, wavelength shifting properties were183
added to the water volume.184
Geant4 includes wavelength shifting by adding the185
following optical properties to a given material: wave-186
length shifting absorption length (WLSABSLENGTH), emis-187
sion component (WLSCOMPONENT), and time constant188
(WLSTIMECONSTANT). The concentration of the chemical189
affects the absorption length, and care must be taken190
not to confuse the Chemist’s definition of transmission191
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Figure 6: The measured gain as a function of concentration for CS-
124 (a) and AG (b). The two curves are the average of the center-
center, left-left, and right-right paddle configurations (red, open cir-
cles) and the left-right, right-left paddle configurations (black, filled-
in squares). At high concentration (27 ppm), AG caused the water to
become brown in color, possibly the cause of a gain value less than
one at that concentration.
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(log10) with that of the Physicist’s (loge). The molar ab-192
sorptivity, , with units L mol−1 cm−1, is reported as a193
function of wavelength for many WLS chemicals, and194
related to the transmission, T , by195
T = 10−lc, (2)196
where l is the path length in a given material and c is the197
concentration of the absorbing substance. What Geant4198
is expecting for the WLSABSLENGTH property is the ab-199
sorption length α−1:200
T = e−αl. (3)201
Equating the two definitions of transmission results in202
α−1 =
1
ln(10)c
' 1
2.3c
, (4)203
relating the absorption length to the given molar absorp-204
tivity and concentration. The concentration c is in units205
of mol/L. However, we generally add concentrations in206
units of mg/L. Dividing our concentration by the molec-207
ular weight of the chemical (in mg/mol) results in the208
proper concentration units of mol/L.209
We know of no applicable wavelength-dependent210
molar absorptivity and emission spectrum for 4-MU dis-211
solved in water: [7] and [8] did not report units in their212
molar absorptivity spectra, and the spectrum below ∼213
275 nm was not given. Since the simulation was only214
intended to guide usage in the large-scale detector and215
to understand light collection effects, we approximated216
the emission spectrum by a Gaussian about the peak217
value of 450 nm, and the CS-124 molar extinction co-218
efficient was used in place of 4-MU. After wavelength219
shifting properties were assigned to the water, the sim-220
ulation was used to reproduce the concentration depen-221
dent gain. Figure 7 shows the simulated gain as a func-222
tion of concentration for 4-MU: the same two popula-223
tions were reproduced, with saturation occurring near 1224
ppm. The simulation predicted an average gain in the225
short paddle configurations of 1.71 ± 0.04 at 1 ppm for226
4-MU, within 9% of our data response. The error is as-227
sumed to result from the imprecise nature of the emis-228
sion and molar absorptivity spectra. The simulated gain229
also has a more obvious saturation at 1 ppm than the230
data.231
3. Neutron Detection with 4-MU232
After determining 4-MU to be the best candidate in233
terms of stability, gain, ease of use, and cost, a final234
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Figure 7: The simulated gain as a function of concentration for 4-
MU. The two curves are the average of the center-center, left-left, and
right-right paddle configurations (red, open circles) and the left-right,
right-left paddle configurations (black, filled-in squares).
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Figure 8: The summed PMT response spectrum from 252Cf neu-
trons before (red x) and after (black +) adding 1 ppm of 4MU in
the 3.5 kL gadolinium-doped water Cherenkov detector. The posi-
tion of the high-energy tail increases from around 80 photo-electrons
to 160 photo-electrons, indicating a gain in light output of approxi-
mately two.
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measurement was performed with a 3.5 kL gadolinium-235
doped water Cherenkov detector developed for nuclear236
non-proliferation purposes, and described in detail in237
[2]. A comparison of the neutron spectrum from 252Cf238
is shown in Figure 8. The peak in the spectrum, around239
25 photo-electrons, is dominated by the detector thresh-240
old: the spectrum is expected to extend down to low en-241
ergies due to incomplete gamma shower containment.242
The position of the high energy tail indicates the energy243
at which complete gamma shower containment takes244
place. As a result of the 4-MU, the high-energy tail245
of the spectrum extends out to energies approximately246
twice as high as that without 4-MU, a gain of approxi-247
mately two as expected.248
Previous work [2] reported the detected signal over249
background (S/B) for neutrons emitted from a 252Cf250
source positioned at three radial positions outside the251
detector. Event level cuts based on timing and energy252
were established by maximizing the signal significance253
of neutron rich and neutron poor data sets. In order to254
pick out two neutron capture events separated by the255
characteristic capture time, events were selected based256
on the charge of both the current and previous event,257
as well as the time separation of the two. The S/B was258
calculated after all cuts from the rates of 252Cf runs and259
background runs averaged over 20 seconds. A 20 sec-260
ond acquisition time was chosen as a determination of261
the detector’s ability to operate under parameters for262
non-proliferation detection. Here, we did not restrict263
ourselves to 20 seconds, and only the rates resulting264
from the source position 20 cm from the detector wall265
were measured. The original measurement without 4-266
MU from [2] is classified as Run 1 in Tables 1 and 2.267
A data run without 4-MU, classified as Run 2, was268
repeated to determine whether the neutron capture re-269
sponse of the detector changed due to degrading wa-270
ter quality. Finally, Run 3 was acquired after approxi-271
mately 1 ppm of 4-MU was added to the detector. Table272
1 shows the event level cuts that maximize the signal273
significance. Run 1 and 2 show only slight variations in274
the optimal cut positions. Run 3 is optimized at a much275
higher energy, as expected due to the increase in light276
output from the WLS.277
The S/B is determined from the rates of source and278
background data averaged over 1k seconds. The value279
for Run 1 differs from [2] due to the increase in statis-280
tics, but are consistent with the errors reported. The de-281
pletion of the source is one expected cause of the de-282
crease between Run 1 and 2. However, there is a larger283
decrease than expected from source depletion alone: we284
attribute this further decrease to long term reductions in285
water quality. After the 4-MU was added, the S/B in-286
Run 1: Parameter Left Cut Right Cut
Current Charge 16 pe 72 pe
Previous Charge 16 pe 72 pe
Inter-event Time 4 µs 46 µs
Muon Veto >46 µs N/A
Run 2: Parameter Left Cut Right Cut
Current Charge 15 pe 69 pe
Previous Charge 15 pe 69 pe
Inter-event Time 5 µs 44 µs
Muon Veto >44 µs N/A
Run 3: Parameter Left Cut Right Cut
Current Charge 26 pe 135 pe
Previous Charge 26 pe 135 pe
Inter-event Time 5 µs 40 µs
Muon Veto >40 µs N/A
Table 1: Analysis cuts obtained by maximizing the signal significance
between the background data run and 252Cf data run with the source
seven inches from the detector. Run 1 is the original run published
in [2], Run 2 is a repeat measurement with no 4-MU, and Run 3 was
taken after 1 ppm of 4-MU was added to the water.
Date S/B Corrected S/B
Run 1: 10/28/10 2.84 ± 0.03 2.84 ± 0.03
Run 2: 04/29/11 2.01 ± 0.02 2.54 ± 0.03
Run 3: 08/08/11 2.40 ± 0.03 3.29 ± 0.04
Table 2: The three 252Cf source runs of interest and their S/B before
and after correcting for source depletion. Run 1 is the original run
published in [2], Run 2 is a repeat measurement with no 4-MU, and
Run 3 was taken after 1 ppm of 4-MU was added to the water.
creased from 2.01 ± 0.03 to 2.40 ± 0.03. Table 2 in-287
cludes the S/B, as well as the acquisition date of the288
individual runs. Between Run 1 and 2, the source de-289
pleted to 79% of its value on October 28th, 2010. For290
Run 3, the source depleted to 73% of the original mea-291
surement. After correcting for source depletion, the S/B292
increased from 2.54 ± 0.03 to 3.29 ± 0.04 between Run293
2 and 3.294
Finally, several background runs with 4-MU were ac-295
quired in order to asses the stability of the PMT re-296
sponse. No significant difference in the background re-297
sponse was measured over a period of three months. It298
would appear that the instability reported in [1] is not299
measurable in either of our detectors over a range of300
two to three months.301
4. Discussion and Conclusions302
We have measured the gain in light yield from muons303
traversing a 250 L water Cherenkov detector after dop-304
ing with three different wavelength-shifting chemicals305
6
at various concentrations. Although all three chemicals306
resulted in a gain, 4-MU resulted in the highest gain,307
which was stable for nearly two months; it also happens308
to be the least expensive chemical of the three and dis-309
solves in water without too much difficulty. CS-124 was310
particularly difficult to work with: it did not dissolve in311
the water easily. In addition, it is the most expensive312
chemical of the three. While AG dissolved fairly easily313
and is moderately priced, it caused the water to become314
brown at high concentration, and the gain in PMT re-315
sponse with respect to concentration was erratic. 4-MU316
was chosen as the best chemical to add to our large scale317
water Cherenkov detector.318
The increase in neutron detection performance of our319
3.5 kL gadolinium-doped water Cherenkov due to the320
addition of 4-MU was measured with a 252Cf source po-321
sitioned 20 cm from the detector wall. We observed322
an increase in the detector response of approximately323
two, and the S/B increased from 2.54 ± 0.03 to 3.29324
± 0.04. The gain of two is consistent with our earlier325
observations of muons traversing the 250 L detector.326
After three months in the 3.5 kL detector, no notice-327
able pitting or degradation occurred on the detector’s328
acrylic or polyethylene components. Based on these re-329
sults, we believe 4-MU to be an excellent WLS candi-330
date for water-based Cherenkov detectors: it is stable,331
dissolves in water, has no noticeable material compat-332
ibility issues, and results in a significant improvement333
in light yield. In situations in which high water purity334
is crucial, 4-MU is inexpensive enough that it could be335
filtered out by a deionizing unit and re-applied.336
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